Context. The massive star-forming region Monoceros R2 (Mon R2) hosts the closest ultra-compact Hii region, where the photondominated region (PDR) between the ionized and molecular gas can be spatially resolved with current single-dish telescopes. Aims. We aim at studying the chemistry of deuterated molecules toward Mon R2 to determine the deuterium fractions around a high-UV irradiated PDR and investigate the chemistry of these species. Methods. We used the IRAM-30m telescope to carry out an unbiased spectral survey toward two important positions (namely IF and MP2) in Mon R2 at 1, 2, and 3 mm. This spectral survey is the observational basis of our study of the deuteration in this massive star forming region. Our high spectral resolution observations (∼ 0.25-0.65 km s −1 ) allowed us to resolve the line profiles of the different species detected. Results. We found a rich chemistry of deuterated species at both positions of Mon R2, with detections of C 2 D, DCN, DNC, DCO + , D 2 CO, HDCO, NH 2 D, and N 2 D + and their corresponding hydrogenated species and rarer isotopologs. The high spectral resolution of our observations allowed us to resolve three velocity components: the component at 10 km s −1 is detected at both positions and seems associated with the layer most exposed to the UV radiation from IRS 1; the component at 12 km s −1 is found toward the IF position and seems related to the foreground molecular gas; finally, a component at 8.5 km s −1 is only detected toward the MP2 position, most likely related to a low-UV irradiated PDR. We derived the column density of the deuterated species (together with their hydrogenated counterparts), and determined the deuterium fractions as component, which also agree with our model predictions for an age of ∼0.01 to a few 0.1 Myr.
Introduction

Deuteration and star formation
During the past decade, the chemistry of deuterium has become an important tool for understanding the formation of stars and planets. However, the deuteration processes are not fully understood yet, and important uncertainties remain in the interpretation of observational data. The cosmological ratio of the elemental abundances between deuterium and hydrogen (D/H) is approximately 1-2×10 −5 (Roberts & Millar 2000; Linsky et al. 2006; Pety et al. 2007 ). However, higher abundances of deuterated molecules have been observed in many astrophysical environments, including cold dense cores (Guelin et al. 1982) , mid-planes of circumstellar disks (van Dishoeck et al. 2003; Guilloteau et al. 2006) , hot molecular cores (Hatchell et al. 1998) , and even photon-dominated regions (PDRs; see Leurini et al. 2006) . Several chemical pathways have been proposed to produce this deuterium enrichment.
Deuteration in the gas phase is driven by ion-molecule reactions in which deuterium and hydrogen atoms are exchanged.
For a cold source with kinetic temperatures T k =10−20 K, the dominant process is H + 3 +HD⇋ H 2 D + +H 2 . This reaction proceeds left-to-right with an exothermicity of ∼232 K (Gerlich et al. 2002; Pagani et al. 2011; ] to values much higher than 10 −5 (see e.g. Caselli et al. 2003) . The production of the deuterated ions of H + 3 leads to high abundances of other deuterated species through secondary ion-molecule reactions. In addition to singly deuterated isotopologs, doubly and triply deuterated species such as NHD 2 , ND 3 , and D 2 CO can be explained, at least partially, in terms of gas-phase synthesis (Gerin et al. 2006; Roueff et al. 2005) . The deuteration via H 2 D + becomes very inefficient when T k is higher than 30 K. At temperatures T k =30−50 K, CH + 3 and C 2 H + 2 react rapidly with HD, leading to the ions CH 2 D + and C 2 HD + (Herbst et al. 1987; Millar et al. 1989 ) via the reactions CH 3 +HD⇋ CH 2 D + +H 2 ; C 2 H + 2 +HD⇋ C 2 HD + +H 2 . The left-to-right exothermicities, ∼390 K (Asvany et al. 2004 ) and ∼550 K (Herbst et al. 1987) , respectively, are considerably higher than for the reaction involving H + 3 . Detailed gas-phase models including deuterated species have been constructed using large networks of gas-phase reactions with both the steady-state and pseudo-time-dependent pictures showing that significant deuterium fraction enhancements can be detected at temperatures up to T k ∼70 K .
Deuterated isotopologs of methanol and formaldehyde have been detected in hot cores and corinos where T k >100 K (see e.g. Parise et al. 2002; . In these cases, the deuteration is thought to occur on grain surfaces. The deuterium and hydrogen atoms on the grain surface react with complex molecules, leading to both deuterated and normal isotopologs (Tielens 1983 , Stantcheva & Herbst 2003 Nagaoka et al. 2005) . The deuterated compounds are released to the gas phase when the ice is evaporated, producing high abundances of the deuterated isotopologs of methanol and formaldehyde (Parise et al. 2002; .
Observationally, deuteration has been widely studied in cold pre-stellar regions and hot corinos, and the results are interpreted on the basis of the deuteration pathways explained above. Much less studied is the deuteration in warm (T k =30−70 K) cores, in which the dust temperature is too high for the deuteration via H 2 D + to proceed efficiently and it is not high enough for the icy mantles to evaporate. Parise et al. (2007) + and H 2 CO, respectively. Because of the good agreement with chemical models , they interpreted these high values of deuteration as the consequence of gas-phase chemistry driven by ion-molecule reactions with CH 2 D + and C 2 HD + . Later, Guzmán et al. (2011) proved that photo-desorption from the grain mantles could also be an important formation mechanism in the PDRs for species like H 2 CO, suggesting that the deuteration on grain surfaces could also contribute to the enhancement of the deuterium fraction in UV-irradiated regions. Species such as C 2 D and DNC, which are not expected to form on grain surfaces, were not detected in the Orion Bar, and an extensive comparison with gasphase models was not possible in this source. A complete observational study including more deuterated species is necessary to distinguish among the different deuteration mechanisms at work.
Ultracompact Hii region in Mon R2
Ultracompact (UC) Hii regions represent one of the earliest phases in the formation of a massive star. They are characterized by extreme UV radiation (G 0 >10 5 in units of Habing field), small physical scales (≤0.1 pc), and are found embedded in dense molecular clumps with densities ≥10 6 cm −3 (Hoare et al. 2007 ). The UV radiation from the star forms a first layer of ionized hydrogen (Hii), followed by the PDR. PDRs are environments where the thermal balance and chemistry are driven by UV photons (6 eV≤ hν ≤13.6 eV). The PDRs associated with UC Hii are characterized by extreme UV field intensities (> 10 4 expressed in units of the Habing field G 0 , see Habing 1968) and high densities (n>10 5 cm −3 ). They are typically located farther than a few kpc from the Sun, which makes their observational study very difficult. However, fully comprehension is of paramount importance for our understanding of the interaction of the massive star formation process with the interstellar medium both in our Galaxy and in extragalactic objects.
Monoceros R2 (Mon R2, van den Bergh 1966) is the closest UC Hii region (d=830 pc; Herbst & Racine 1976) , and can be spatially resolved with the current instrumentation in the mm and IR domains. Due to its brightness and proximity, this source is an ideal case to study the physical and chemical conditions in an extreme PDR and can be used as pattern for other PDRs that are illuminated by a strong UV field. The UC Hii region has a cometary shape and its continuum peaks toward the infrared source Mon R2 IRS 1. Previous millimeter and far-infrared spectroscopic and continuum studies (Henning et al. 1992; Giannakopoulou et al. 1997; Tafalla et al. 1997; Choi et al. 2000; Rizzo et al. 2003; Pilleri et al. 2012; showed that the molecular emission presents an arc-like structure surrounding the Hii region, with the bulk of the emission to the SW (see Fig. 1 ). The advent of the new IR facilities Spitzer and Herschel, together with the high spatial resolution at mm wavelengths provided by the IRAM-30m telescope have allowed us to probe the PDR in the interface between the ionized and the molecular gas (Rizzo et al. 2003; Berné et al. 2009; Pilleri et al. 2012; Ginard et al. 2012) . These studies showed that the UC Hii region is surrounded by a dense PDR (n >10 5 cm −3 ) that is well detected in the pure rotational lines of H 2 , the mid-infrared bands of polycyclic aromatic hydrocarbons (PAHs) and in the emission of rotational lines of reactive molecular ions such as CO + and HOC + . In addition, a second PDR is detected 40 ′′ north from IRS 1, which corresponds to a second molecular peak (hereafter, MP2). The position MP2 is well detected in the PAH emission at 8 µm and its chemical properties are similar to those of lowto mild-UV irradiated PDRs such as the Horsehead (see Fig. 1 ; Ginard et al. 2012 , Pilleri et al. 2013 .
In this paper, we present an extensive study of deuterated compounds in the PDRs around the UC Hii Mon R2 that includes DCN, DNC, DCO + , C 2 D, HDCO, D 2 CO, NH 2 D, and N 2 D + . We focus our study on the chemistry toward the ionization front (hereafter IF) and the second PDR in MP2 position and discuss the implications of our observations. In Sects. 2 and 3 the observational setup and results are described. In Sect. 4, we calculate column densities and abundances for each species, while in Sects. 5 and 6 we discuss our main results. Finally, Sect. 7 presents our conclusions.
Fig. 1.
In colors, the Spitzer-IRAC 8µm emission from small dust (Ginard et al. 2012) . In contours, the integrated emission between 5 and 15km s −1 of the C 18 O 2-1 line (Pilleri et al. 2012a) . Green squares show the two positions analyzed in this paper. Black stars show the positions of the brightest infrared sources, following the nomenclature of Henning et al. (1992) . The beams at 3mm (∼29 ′′ ) and 2mm (∼16 ′′ ) toward the IF and MP2 positions are drawn.
Observations and data reduction
The data presented in this paper are part of the 3, 2, and 1 mm spectral surveys we have carried out using the IRAM-30m telescope at Pico Veleta (Spain) toward the PDRs around the UC Hii region Mon R2. The observations were performed in three observational blocks in 2012 January, September, and December. All observations were performed in dual polarization using the EMIR receivers (Carter et al. 2012 ) with the fast Fourier transform spectrometer (FTS) at 200 kHz of resolution (Klein et al. 2012) . During the observations we pointed on the strong nearby quasar (0605-058) every 2 hours and checked the focus on a planet every 4 hours. Pointings and focus corrections were stable throughout the whole run. A line calibrator was observed for every tuning to check that the intensities of the lines were correct. The emission from the sky was substracted using an OFF position free of molecular emission (+400 ′′ , −400 ′′ ). The offsets are given relative to the coordinates of the IF position: α(J2000)= 06h07m46.2s, δ(J2000)= −06
• 23 ′ 08.3 ′′ . For the onthe-fly (OTF) maps the OFF position was observed every 2 minutes for 20 seconds. For the single pointing observations the OFF position was observed in position switching mode every 30 seconds. Throughout the paper, we use the main-beam brightness temperature (T MB ) as intensity scale. To do so, we multiplied our spectra in T * A by a factor F eff /B eff 1 . A summary of the observational parameters is shown in The data were reduced using the CLASS/GILDAS package 2 (Pety et al. 2005) . Initial inspection of the data revealed a few single-channel spikes, platforming of individual FTS units, but otherwise clean baselines. To fix the spikes problem we flagged individual channels and filled them with white noise corresponding to the rms measured by a baseline fit. To correct for the platforming, a zero-order baseline was subtracted from each FTS sub-bands of each spectrum using a dedicated procedure provided by IRAM. In addition, a second-order baseline was needed for almost all the detected lines. All resulting spectra were smoothed to a velocity resolution of 0.65 km s −1 . ′′ ], respectively). The spectra show a different velocity profile toward the two positions. Two velocity components were found at each position for almost all the molecules. At the IF position we detect a velocity component at ∼10 km s −1 and a second one at ∼12 km s −1 ; while at the MP2 position, the two velocity components correspond to ∼8 km s −1 and ∼10 km s −1 . The component at 10 km s −1 is detected at both positions and seems associated with the layer most exposed to the UV radiation from IRS 1 (see section 3.3). The component at 12 km s −1 is found toward the IF position but it is related to the SW part of the molecular cloud. Finally, the component at 8.5 km s −1 is only detected toward the MP2 position and related to a low-UV irradiated PDR.
Results
Observed spectra
All the hydrogenated species are detected toward the two positions, and with a few exceptions, e. g., H 13 CN at 259.011 GHz and HC 15 N at 258.156 GHz, the lines are more intense at the MP2 than at the IF position (see Fig. 2 ). The deuterated species DCN, DNC, DCO + , C 2 D, HDCO, and NH 2 D are detected at both positions. We have detected N 2 D + only toward the IF position, but the lack of detection toward the MP2 position is very likely due to the poor quality of our spectrum at this frequency. D 2 CO is only detected toward the MP2 position.
Initial inspection of the spectra reveals some differences in the intensity line ratios between the two velocity components at each position. For instance, toward the IF position the H 13 CN (3→2) line is more intense at 10 km s −1 . However, the intensity of the HNC (1→0) line is similar for the two components (see Fig. 2 ). To study these differences quantitatively, we fitted a Gaussian to each velocity component using the CLASS software of the GILDAS package. 
Integrated intensity maps
The maps carried out with the IRAM-30m telescope allow us to characterize the spatial distribution of different deuterated and hydrogenated species in Mon R2. In Fig. 3 ′′ ) surrounded by faint emission. The C 2 H molecule is also very abundant and presents an extended structure, with an intense peak toward the MP2 position. The emission of both, the H 2 CO and C 2 H molecules, come from the inner clumps and the envelope of the region, but seems to be dominated by a lower density envelope. The HC 15 N, H 13 CN, and H 13 CO + molecules are less abundant and their distributions are more compact, they present peaks at the offsets (+10 ′′ ,+25 ′′ ), (−10 ′′ ,−10 ′′ ), and (−20 ′′ ,+20 ′′ ). The emission of DCN and DNC species are compact and intense, while the DCO + emission is weaker and more extended. Figure 4 shows the intensity maps at different velocities for DCN (3→2), DNC (3→2), H 13 CN (3→2), HN 13 C (3→2) and H 13 CO + (3→2). In all the species we find the three velocity components described above. The emission at ∼8 km s −1 is located in the NW, the gas emitting at ∼10 km s −1 is surrounding the Hii region, and the gas in the SW is at a velocity of ∼12 km s −1 (see Fig. 4 ). The transition from one component to another is abrupt and does not occur smoothly, as expected in the case of a global and coherent rotation. Moreover, two velocity components coexist at many positions, for example at the IF and MP2 positions. This suggests that the observed velocity behavior is the result of the superposition of three filaments around the expanding UC Hii region or, alternatively, the existence of a twisted filament, with the gas at ∼12 km s −1 and at ∼8 km s −1 located at the front and the back of the UC Hii region as observed from the Sun.
Spectral maps
Analysis
Molecular column densities
To derive reliable column densities, we combined our 1mm maps with single-pointing observations obtained at 3mm and 2mm toward both the IF and MP2 positions. To do that, we convolved the 1mm maps to the angular resolution of the lower excitation transitions at 3mm or 2mm. The beam averaged column densities were calculated assuming that the emission comes from a layer with uniform physical conditions and using the rotational diagram technique. This technique is valid for optically thin emission and assumes the same excitation temperature for all transitions. Within this approximation, 13 CO + at 260.255 GHz, from top to bottom. The velocities for every channel are 8.5, 9.5, 10.5, 11.5, and 12.5 km s −1 from left to right. The peak intensity is ∼ 2 K kms −1 for each line.
where N u is the column density, in cm −2 , of the upper level 'u' of the corresponding transition, ν is the frequency of the transition in GHz, W is the area derived from the Gaussian fitting in K kms −1 (Table A. 1-4), A ul is the Einstein coefficient for spontaneous emission, N tot is the total column density of the molecule in cm −2 , E u is the energy of the upper level in K, T rot is the rotation temperature in K, and Q is the partition function, which depends on T rot . The values of Q were taken from the Cologne Database for Molecular Spectroscopy (CDMS webpage 3 ; Müller et al. 2001; . Since our approximation requires optically thin emission, we used the 13 C and 18 O isotopologs to calculate the column density of the hydrogentated species, assuming [ 12 C]/[ 13 C]=50 (Savage et al. 2002; Ginard et al. 2012) ues were averaged values within the beam of the lower energy transitions (at 3mm or 2mm, depending on the species). Table 1 shows the results of the rotational diagrams. Rotation temperatures vary between ∼10 K and ∼40 K. These differences are due to the different dipole moments of the molecules (µ∼1−5 Debye) and to the different spatial resolution of the lower energy transitions. For instance, the rotation temperature obtained from H 13 CN lines corresponds to a 29 ′′ beam, while the rotational temperature of DCN corresponds to a 16 ′′ beam. The 29 ′′ beam encompasses a larger fraction of cold gas than the 16 ′′ one, and the average rotation temperature is therefore lower (see Fig. 3 ). This different spatial resolution is also the cause of the higher rotation temperature measured for the deuterated species of HNC compared with that of the 13 C isotopolog. Moreover, the high rotation temperatures found in DCN and DNC towards IF position confirm that the high deuterium fractions are associated with dense clumps around the Hii region at temperatures ∼50 K instead of the cooler envelope. In the case of HCO + , the rotation temperature is similar for the 13 C isotopolog and the deuterated species. This is consistent with the spatial distribution of DCO + (see Fig. 3 ), where intense emission comes from the envelope.
The rotation temperatures are similar for H 2 CO and their related species. In this case, all the column densities of all the molecules are averaged over a ∼16 ′′ beam. Similarly to DCN and DNC, the emission of this family of molecules comes mainly from the warm clumps around the Hii region.
For some compounds, only one transition is detected. In these cases, we calculated the column density assuming a fixed value of the rotation temperature. For these cases we considered three rotational temperatures (T rot =10 K, T rot =19 K and T rot =38 K) and calculated the column density for every case. We found that the variation of a factor 2 in the rotation temperature affects the column density by less than a factor 2. For H 2 13 CO and its deuterated compounds, HDCO and D 2 CO, we used T rot =38 K (because this temperature is more similar to that derived from H 2 CO) and for the remaining species we assumed T rot =19 K. Fig. 4 ). These maps have an angular resolution of ∼10 ′′ and provide information about the spatial variations of the values of D frac in the region. For the two family of species, HCO + and HCN, the values of the line-integrated intensity ratio varies by less than a factor of 2 within the 29" beam, suggesting that the beam-filling assumption is good enough and our values of D frac are correct within the same factor. Toward the MP2 position, the deuterium fractions are highest toward the center, suggesting that the center is cooler and this PDR represents a clump illuminated from the outside, rather than one harboring a young star.
The Montalban et al. (1990) from the integrated intensity maps of the (1,1) and (2,2) lines observed with the Effelsberg telescope. The beam of the NH 3 observations was ∼42". Taking into account possible calibration differences between the two telescopes and that the pointings are not exactly the same, we consider that the uncertainty could be as large as a factor of ∼5.
Comparison of the IF and MP2 positions
In this section we compare the chemistry of the different velocity components. The 10 km s −1 component presents similar abundance ratios toward the two positions, and these ratios are different from those in the 12 km s components, suggesting that they correspond to gas at a similar kinetic temperature, probably because they are equidistant from IRS 1. The values of the deuterium fractions are quite similar for the three velocity components. Values around 0.01 are found for all of the observed species except for DCO + and N 2 D + which present a deuterium fraction 10 times lower. The largest differences are found for C 2 D, D frac (C 2 H) being ∼4 times higher in the 8 km s −1 component toward the MP2 position than in the others. The hydrogenated compound of this species is also very abundant in this component, suggesting that opacity effects could contribute to this higher value of the deuterium fraction. We would need to observe the 13 C isotopolog to obtain a more accurate value of D frac (C 2 H). The deuterated species N 2 D + and D 2 CO have only been detected in the more shielded components at 12.0 km s −1 (N 2 D + ) and 8 km s −1 (D 2 CO), again consistent with these velocity components being associated with colder gas, farther from IRS 1.
Comparison with other sources
In Table 3 we compare the deuterium fractions measured in Mon R2 with those in some prototypical objects. In particular, we compare with a dark cloud (TMC1; Turner 2001), a young CO] ratio measured toward hot cores and hot corinos are found to be higher (∼ 0.15) than those in dark clouds (∼ 0.05) and PDRs (∼ 0.01). This indicates that the deuteration of formaldehyde proceeds more efficiently on the grain surfaces and the deuterated compounds are released in to the gas phase when the dust is heated to high temperatures (>100 K). The low values of D frac found in Mon R2 suggest that surface chemistry and subsequent ice evaporation is not the main deuteration pathway, as in the case of hot corinos (see Fig. 6 ).
In contrast, the [DCO + ]/[HCO + ] ratio is higher in dark clouds (∼0.01) than in hot cores (∼0.007) and the PDRs associated with Mon R2 and the Orion Bar (∼0.002). This result is also supported by the study carried out by Pety et al. (2007) toward the Horsehead nebula. They found that the HCO + deuterium fraction is larger than 2% in the cold dense core and lower than 0.1% in the PDR. The deuteration of HCO + proceeds via ion molecule reactions in the gas phase that are quite sensitive to the gas temperature. The behavior observed in Fig. 6 can be explained as the consequence of the increasing kinetic temperature. Note that for IRAS 16293-2422, the observed DCO + more Table 3. likely comes from the envelope in which the hot corino is embedded.
For the other N-bearing molecules the [N 2 D + ]/[N 2 H + ] ratio is higher in the very first evolutionary stages of the stellar formation, represented the by the dark cloud TMC1 (∼0.08) and the young protostellar object Barnard 1 (∼0.3), than in more evolved objects such as Mon R2 (∼0.03). This result agrees with the recent study of Fontani et al. (2011) , in which the authors derived the N 2 H + deuterium fraction for a large sample of massive young stellar objects. They showed that the N 2 H + deuteration is lower (∼0.02) in objects associated with ultracompact Hii regions (i.e., similar to our PDRs).
The situation is less clear for the NH 3 . From the ratios listed in Table 4 .3, the [NH 2 D]/[NH 3 ] ratio is similar in hot cores (∼0.06), dark clouds (∼0.02) and PDRs (∼0.06), but it reaches a value of ∼0.33 toward Barnard 1 (see Table 3 ). The young protostellar object (YSO) Barnard 1 is a special object where the deuterium fractions are known to be higher than in other cold cores. Daniel et al. (2013) 
interpreted the high [NH 2 D]/[NH 3 ]
ratio as a time evolution effect, the consequence of its peculiar evolutionary stage, with less than 500 yr after the formation of the early hidrostatic core. This interpretation was based on calcuations by Aikawa et al. (2012) .
Finally, because of their similarities, it is natural to compare our results in more detail with those in the Orion Bar (Parise et al. 2009 ). Both clouds are massive star-forming regions, and in the two cases the PDRs are located at the interface of the Hii region and the molecular cloud. The only difference is that the Orion Bar is a more evolved Hii region, and the densities and the radiation field in the PDR associated with it are a factor of ∼10 lower than in Mon R2. Both regions have been observed using the IRAM-30m telescope, which avoids possible calibration problems when comparing lines observed with different telescopes, but the spatial scales are different because the distance to Mon R2 is twice than to Orion. Parise et al. (2009) did not detect DNC toward the so-called "clump 3" in the Orion Bar and derived an upper limit to the deuterium fraction of 0.01, which is still consistent with our results. The same can be said for C 2 D which was not detected to- −1 component in Mon R2 is significantly higher than in the Orion Bar, in line with the different gas kinetic temperatures (∼30 K in the Orion Bar and ∼50 K in Mon R2). As discussed in Section 5, this difference can also be due to the different timescales and densities, because the Orion Bar is a more evolved object than Mon R2. Within Mon R2, the [H 13 CN]/[HN 13 C] ratio is higher in the 10 km s −1 component than in the PDR toward MP2 position. The lower rotation temperature of the HCN and the HNC isotopologs toward the MP2 position suggests that the gas kinetic temperature and/or density are lower at the latter.
Chemical model
We compare our observational results with a pseudo-timedependent gas phase chemical model. We chose this code to be consistent with previous conclusions by Pilleri et al. (2012) about early-time chemistry for small hydrocarbons.
One concern could be the influence of the UV radiation on the deuteration (not accounted by our pseudo-time-dependent model). The detection of the reactive ions CO + and HOC + (Rizzo et al. 2003) and the pure H 2 rotational lines (Berné et al. 2009 ) toward the IF position showed that the UV radiation is impinging into molecular gas at this region. We used the steadystate PDR Meudon code to investigate the influence of UV photons on the deuterium fractions. The UV photons do not influence the deuterium fractions directly, but through the increased gas temperature because of the UV heating. With high UV fields, ∼ 10 5 Habing field, the gas temperatures are very high in the first layers of the PDR, and consequently, the deuterium fractions are very low. Since the deuteration via ion-molecule reactions is not efficient for temperatures >70 K, the emission of the deuterated species is more likely arising from shielded (A V ∼8-10 mag) dense clumps where the gas kinetic temperature is ∼50 K. At these moderate temperatures, 50 K, the high deuterium fractions measured toward Mon R2 cannot be explained with steady-state chemistry, and we needed to use a time-depedent code to account for them.
The chemical network used in our pesudo-time-dependent code includes recent modifications of the reaction rate coefficients involving nitrogen, as reported in Wakelam et al. (2013) following recent experiments on neutral-neutral reactions at low temperatures by Daranlot et al. (2011; and is based on previous studies by Roueff et al. (2005; and Pagani et al. (2011) . The ortho/para ratio of H 2 (hereafter OPR) is considered as an input parameter that does not evolve with time, and influences the reverse reaction of the H 3 + fractionation reaction with HD, where the presence of ortho H 2 reduces the endothermicity of the reaction by a significant amount of energy (170.5 K), and then the deuteration efficiency as first pointed out by Pagani et al. (1992) . The contribution of para-and ortho-H 2 is also explicitly introduced in the initial step of nitrogen hydride chemistry, the N + + H 2 reaction, following the prescription by Dislaire et al. (2012) . Within this approximation, the chemical network includes 214 species and 3307 chemical reactions.
To fit the observed abundance ratios we considered a grid of chemical models with the temperature fixed at 50 K and varied the density, initial conditions, and OPR. We considered two densities: n H = 3×10 5 cm −3 and n H = 2×10 6 cm −3 , which are representative of the range of densities measured in this region (Pilleri et al. 2012 (Pilleri et al. , 2013 . Table 4 shows the elemental abundances of the low (A and B) and high (C and D) metallicity models. In the model, the adsorption and evaporation of molecules on/from the grains are not included. When molecules such as H 2 CO or CH 3 OH evaporate, the elemental abundances of O and C in the gas phase increase. Given the limitation of our model, we mimicked this situation with the high metallicity case.
We also used a constant OPR because it is difficult to deal with the full ortho-para chemistry in the time-dependent code, but we considered different values of OPR: 0.3, that is the equilibrium value at T K = 50 K, 1 × 10 −2 , 1 × 10 −3 and 1 × 10 −4 for every model. The results of these models were quite similar for t<1 Myr. The OPR mainly affects the [NH 2 D]/[NH 3 ] ratio. We can fit the observed values with both OPR= 1 × 10 −2 and 0.3. In Fig. 7 , we show the results of our pseudo-time-dependent model. The first important conclusion is that all the models give values of D f rac and the [HCN]/[HNC] ratio very far from the observed ones in the steady state, i. e., for ages >1 Myr. We find, however, values closer to our observations for ages between 10 4 to a few 10 5 yr. Similarly, Pilleri et al. (2013) showed that the abundances of small hydrocarbons are better explained with an early time chemistry. This age, from 10 4 to a few 10 5 yr, also agrees with the typical ages of UC Hii regions. The data suggest that the collapse and the chemical evolution of the region occur quickly. Nevertheless, it is important to stress the fact that our models (from A to D) consider that the temperature and the density of the region are constant when in fact these parameters are variable. As a consequence, our age estimate is illustrative and mainly proves that the deuterium chemistry is out of equilibrium. The second conclusion is that the observations cannot be fitted with the high metallicity case, i. e., the models C and D. This is also consistent with the emission from the deuterated molecules coming from shielded clumps where the temperature is not high enough to fully evaporate the ice mantles.
The deuterium fractions are not very dependent on the assumed density within the range considered in our grid of models (see Fig. 7 Fig. 7) . Taking into account that we expect a density gradient in the region, we consider that there is a reasonable agreement with the low-metallicity case. This also suggests that the different [HCN]/[HNC] ratios measured among the three velocity components in Mon R2 could be the consequence of small differences in density and gas kinetic temperature.
The best fit is obtained model A (see Fig. 7 ). As commented above, this model assumes constant density and temperature. To obtain a more realistic view, we ran two more models (E and F) consisting of two sequential phases at a different temperature and OPR: (i) in phase 1, we ran a model with T=15 K and OPR= 1 × 10 −4 to simulate the cold collapse phase, (ii) then in phase 2, we ran a second model with T=50 K and OPR= 1×10 −2 , using as input the abundances of the previous models for the ages 10 5 yr (model E) and 10 6 yr (model F). ] ratios, but it fails for the other observed ratios. The main disagreement of model F are the low absolute abundances of the molecular species, in particular, the C 2 H abundance is two orders of magnitude lower than those obtained for the other models. This indicates that the collapse phase prior to the formation of the UC Hii region should be fast enough to avoid the gas to achieve the steady state (see also Pilleri et al. 2012) . In model E, we assumed a constant density of 2 × 10 6 cm −3 during phase I. The chemical equilibrium is reached faster at higher densities. In a real time-dependent model in which the density is low at the beginning and increases with time, the collapse time could be longer than 0.1 Myr. Figure A .13 shows the abundances fits of HCN, HCO + , and C 2 H relative to H 2 considering a gas kinetic temperature of T k = 50 K and OPR=1×10 As commented above, the best fit is obtained for the model A and the worst one is the model D (see Fig. A.13) . The observational abundances relative to H 2 were calculated considering N(C 18 O)= 7.3 × 10 15 cm −2 and X(C 18 O)= 1.7 × 10 −7 for the IF position (Ginard et al. 2012 ).
Discussion: can D frac (N 2 H + ) be used as an evolutionary indicator in massive star-forming regions?
Deuteration has been used extensively as an evolutionary indicator in low-mass star-forming cores. D frac (N 2 H + ) is found to be >0.1 in starless cores close to the onset of gravitational collapse (Crapsi et al. 2005) . After the formation of the star, D frac (N 2 H + ) decreases as the core evolves (Emprechtinger et al. 2009; Caselli et al. 2008 ). The reason is that D frac and N(H 2 D + ) are very dependent on the gas temperature in the range 10 K−30 K in which the CO frozen out on the grain surfaces is released to the gas phase.
It is not clear, however, that D frac (N 2 H + ) can be used as evolutionary indicator in the high-mass regime. Fontani et al. (2011) showed that the D frac (N 2 H + ) in massive starless cores is ∼0.2, i.e., as high as in low-mass pre-stellar cores, but it drops to values of ∼0.04 for high-mass protostars and UC Hii regions. Less clear results were obtained by Miettinen et al. (2011) toward a sample of IRDCs. They found that CO was not depleted in the observed sources and that D frac (N 2 H + ) was lower than in lowmass starless cores (see Tan et al. 2013 , for a recent review).
Our results for Mon R2 suggest that the deuterium fractions of molecules in massive protostars are dominated by ionmolecule reactions and are strongly time dependent. When the gas temperature increases over 20 K and the CO on the icy mantles is released to the gas phase, D frac (N 2 H + ) decreases rapidly and reaches the steady-state value in less than 0.1 Myr. Even in the starless phase, if the core is turbulent and the temperature is higher than 20 K, D frac (N 2 H + ) can reach values lower than those typical in the low-mass starless cores. The same is true for D frac (HCO + ). Other molecules such as HCN and HNC need about 1 Myr to reach the steady the state and could be useful to age massive protostellar cores and UC Hii regions. D frac (H 2 CO) in only useful to prove the hot core phase. Once all the icy mantles are evaporated, D frac (H 2 CO) reaches the steady-state value in a short time. 
Conclusions
We -Our observations show that Mon R2 presents a complex morphological and kinematical structure. We detected two veloc- ity components toward the IF and MP2 positions. The component at 10 kms −1 is detected at both positions and seems associated with the layer most exposed to the UV radiation from IRS 1. The component at 12 kms −1 is only detected toward the IF position and is related to the bulk of the molecular cloud with its maximum in the SW. The component at 8.5 kms −1 is only detected toward the MP2 position and is related to the second low-UV PDR described by Ginard et al. (2012) and Pilleri et al. (2013) . -There are no important differences between the values of D frac toward the two PDRs. This is interpreted in the scenario of the deuterated compounds coming from dense and warm clumps with gas kinetic temperatures of 50 K, instead from the most exposed PDR layers. -Values of D frac of ∼0.01 are found for HNC, HCN, C 2 H and H 2 CO, and <0.001 for HCO + , N 2 H + , and NH 3 . These values are consistent with the predictions of the gas-phase model at an early time, ∼0.1 Myr. This time is consistent with the ages estimated for UC Hii regions on the basis of statistical studies.
-The deuterium chemistry is a good chemical clock in both the low-mass and high-mass regime. However, the values of D frac (N 2 H + ) and D frac (HCO + ) cannot provide a good estimate of the evolutionary stage of massive protostar regions because this abundance ratio reaches the steady-state value on a short scale time after all the CO is released from the grains into the gas phase. We need to use the values of D frac for different molecules (e. g., HCN, HNC and C 2 H) with longer chemical scales time to provide accurate age estimates. 
